the calcium-acetate-lactate (CAL; Schüller 1969) extraction is used in routine soil testing in Austria and Germany, Mehlich 3 (Mehlich 1984 ) is used in the Czech Republic and in major parts of Canada and the United States of America. On the other hand, Brazil uses a more recently established extraction method on the basis of anion exchange membranes (resin P; Bissani et al. 2002) .
In a previous paper, the results of 14 different soil P extraction methods applied to 50 agricultural soils from Central Europe were compared (Wuenscher et al. 2015) . It was shown that the different methods extract distinct pools of soil P, and that the extractability of a given pool is influenced by different soil properties to different extents. Here, the P extractable by these 14 extraction methods is correlated with P uptake by spring wheat grown on the 50 agricultural soils in a greenhouse pot experiment. The main aim was to identify the extraction methods that best reflect P uptake by plants.
MATERIAL AND METHODS
Soil sampling and basic soil characterization. Soils were sampled from the plough layer (0-30 cm depth) of 50 agricultural fields in Austria and Germany. The sites were chosen to cover a wide range of soil properties and P levels. Prior to sampling, the soils were managed according to the common farm practices, and no further measures were taken (e.g. specific P fertilization) to obtain different levels of P. Most sites were represented only once in this study; however, approximately one third of the samples were part of different long-term experiments; in these cases, the soils were similar but amended with different levels of P over time.
After sampling, an aliquot of each soil was dried at 50°C, sieved to pass 2 mm, and stored at the room temperature; this aliquot was used for the laboratory analyses. Basic soil properties were analysed according to standard methods, which are described in detail in Wuenscher et al. (2015) . Table 1 summarizes selected soil properties and demonstrates the diversity of the soils used in this study; more details are presented in Wuenscher et al. (2015) . The molar ratio P o /Fe o indicates the degree of P saturation of the Fe oxides in the soil. In our study, this ratio ranged from very low P saturation (0.08) to very high P saturation (0.84) reflecting the diverse P status of our sample set.
Soil P was extracted with 14 different extraction methods that utilize various mechanisms of extraction and, hence, target different soil P pools; a brief summary of the 14 applied methods is given in Table 2 , for more details see Wuenscher et al. (2015) .
Greenhouse pot experiment. The pot experiment with spring wheat (Triticum aestivum L. cv. Triso) was carried out in a greenhouse with automatic climate control through ventilation but no air conditioning for cooling. To homogenize the soil samples, the entire volume of one sample was mixed in a container, big stones were removed and large aggregates crushed. The pots were prepared from 12-L buckets (diameter: 26 cm), in which 10-mm drainage holes were drilled. A 2-cm layer of washed quartz gravel was placed as a drainage layer at the bottom, and a fibrous web was placed on top of the gravel layer. Approximately half of the final soil volume was filled into the bucket and re-compacted, then the second half, which was mixed with 0.8 g KCl fertilizer was added and re-compacted. The soil material for the top 3 cm was sieved (< 2 mm) for seedbed preparation. The total filled soil volume was 10.9 L. The filled pots were watered with deionized water before sowing. A master plate was used to standardize the distri- During the growing phase, the pots were watered (deionized water) according to plant needs. The soil water content was monitored with soil moisture probes (four Decagon ECH2O Dielectric Aquameter sensors and one Decagon 5TE, Pullman, USA) installed in five pots with strongly varying soil properties (representatives of the 50 pots included in the experiment). Soil water was kept near field capacity. On average, the pots were watered every 1.8 days with an average of approximately 340 mL each time. The mean soil temperature measured by the Decagon 5TE sensor was 24.9°C with a normal day to night fluctuation; the minimum was 18.8°C and the maximum was 36.6°C.
The pots were fertilized with a total of 1.17 g N and 0.42 g K, which corresponds to 220 kg N/ha and 80 kg K/ha. K was applied in one dose as potassium chloride (May 2); N was divided into 4 doses: 0.37 g N as calcium ammonium nitrate (May 9), 0.21 g N as ammonium nitrate (May 19), 0.53 g N as urea (June 14), 0.05 g N as urea foliar application (June 22). The plants were monitored daily. No deficiency symptoms of secondary nutrients or micronutrients were detected. Infesting pests (notably thrips and spider mites) were controlled with insecticide and predatory mites, respectively. Before harvest, the plants were not watered for a longer period in order to promote ripening. All plants were harvested on the same day, and straw was separated from the ears on-site. The plant material was dried at 50°C, and the grain was threshed and counted.
Plant analysis. Most of the plant parameters were determined at harvest or shortly after. The tillering was determined by the number of stalks (green and ripened). The thousand-seed weight, the number of ears and the number of grains per ear were recorded. The dry weight of straw and grain was measured. Both, straw and grain samples were ground to assure complete digestion; 0.2 g of ground plant material was digested with 5 mL HNO 3 (65%) and 1 mL H 2 O 2 (30%) using an automated digestion block (maximum temperature of 155°C held for 190 min). The digests were diluted with 30 mL of distilled water and filtered with paper filters before photometric P determination. The P recovery from a certified reference material was 100 ± 10%.
Photometric P determination. The photometric determination of P extracted from soils and after plant digestion was conducted with the molybdenum blue method according to Murphy and Riley (1962) . This method was further modified to allow detection of low P concentrations (detection limit of 25 µg P/L) needed for some of the samples/ extracts; the modifications are described in detail in Wuenscher et al. (2015) .
RESULTS AND DISCUSSION
Plant yield and plant P uptake. Table 3 shows a summary of plant yield parameters collected after harvest as well as plant P contents and uptake. The mean dry matter grain and straw yields amounted to 157.4 and 219.5 g/m 2 , respectively. HCl 0.5 mol/L HCl, pH < 1
Organic P 1 mol/L HCl, pH < 1
Total P 1 mol/L HCl (after calcination), pH < 1 CAL -calcium-acetate-lactate; Fe-oxide P i -iron oxide impregnated filter paper; CAEM -cation and anion exchange membranes. Organic P was determined as the difference of P extracted with 1 mol/L HCl from an ignited (550°C; 1 h) and unignited sample
An average of 301 ears per m 2 was recorded and the number of grains per ear varied between 9 and 21. An average thousand seed weight of 35.9 g was calculated. Clearly, these yield parameters were below the average of field-grown spring wheat. Diepenbrock et al. (1999) listed an average spring wheat grain yield of 643 g/m 2 at harvest. Moreover, the thousand-seed weight of spring wheat is typically higher (average: 39.5 g), stand density is usually much higher under field conditions with an average of 526 ears per m 2 , and also the number of grains per ear is typically higher (average: 30.8) (Diepenbrock et al. 1999 ).
In our study, grain P contents ranged from 2950 to 5380 mg/kg, while straw P contents were between 340 and 2820 mg/kg. These values were in the range of average values reported for wheat; an average range of 3020 to 5580 mg/kg is common for wheat grain and the range for wheat straw is 1050 to 1980 mg/kg (Diepenbrock et al. 1999 ). According to Blume et al. (2010) , dry matter wheat grain contains approximately 4000 mg P/kg and straw contains approximately 1500 mg P/kg. On average, the grain P contents in our experiment were 5 times higher than the straw P contents (Table 3 ). The total P uptake ranged from 460 to 1400 mg/m 2 , thus showing a 3-fold increase from the lowest to the highest value. The average contribution of seed P to total plant P uptake was estimated at approximately 5% (assuming that all seed P was translocated to the aboveground plant parts).
A multiple linear regression was performed and Figure 1a shows the contributing share of the three harvest parameters ears per m 2 , grains per ear and thousand-seed weight to grain yield variation. All three parameters explained a similar share of approximately 1/3 of the observed grain yield variation. Figures 1b,c show the relation between the P content of grain and straw, respectively, and their dry matter yield. While increasing straw yields corresponded to higher straw P contents, the grain yield results showed no such trend.
Soil P extracted by different methods in relation to plant P uptake. The magnitude of P extracted by the 14 extraction methods is shown in Figure 2 . Additionally, the plant P uptake (converted Plant Soil Environ. Vol. 64, 2018, No. 4: 192-201 to mg P/kg soil) is given in the first column. This comparison illustrates that the weaker extraction methods (H 2 O, and especially the neutral salt solutions CaCl 2 and LiCl), which may be regarded as measures of P intensity, were in the range of the plant P uptake, whereas the other extraction methods, most of which aim at assessing P quantity, extracted much higher P amounts. Plants and other organisms mainly assimilate P dissolved in soil solution. Due to its low solubility, the concentration of P in soil solution is generally low (below 0.15 mg/L) (Condron and Tiessen 2005) . Blume et al. (2010) reported a common range of soil solution P concentrations between 0.001 and 0.1 mg/L for unfertilized soils and between 0.1 and 5 mg/L for fertilized topsoils. This is a similar range as extracted by the water saturation extraction in our study (0.04-3.37 mg/L). The soil solution P concentrations required for optimum plant yields lie between 0.3 and 0.8 mg/L (Blume et al. 2010) . Emsley (2001) pointed out that, at any given time, the soil solution holds only about 1% of P essential to healthy plant growth. In our study, the average amount of P taken up by the wheat plants was 4.55 mg/kg, while the H 2 O extraction method extracted 0.26 mg/kg on average (Figure 2) . Hence, the average P in soil solution was more than 5% of the average plant uptake.
Correlating extracted soil P with plant yield and plant P uptake. Correlation coefficients between P extracted by the different extraction methods and plant yield parameters were calculated (Table 4) . The observed correlations were relatively low, which may be due to moderate to high P status of the soils in our study. For example, most of the studied soils were beyond the critical P concentrations determined by Mehlich 3, Olsen and resin P (the latter is comparable to our cation and anion exchange membranes (CAEM)) for maize yield in a variety of soil types from Iowa, USA (Mallarino and Atia 2005) and also beyond the critical P concentrations based on CaCl 2 , Olsen and oxalate in a recent study including several long-term P-response field trials across Europe (Nawara et al. 2017 ). On the other hand, Mundus et al. (2017) reported relatively poor correlations between P extracted by different soil test methods including Olsen and dry matter yield of spring barley in a pot experiment with mainly P deficient soils of Scandinavia. They attributed this result to the limited pot volume in relation to shoot biomass in their study. In our pot experiment, the ratio of shoot biomass (straw + grain: 13.7 to 26.5 g per pot) to soil volume (10.9 L) was lower than in the study of Mundus et al. (2017) , but still exceeded the threshold of 1 g dry matter per L soil, above Figure 2 . Phosphorus (P) extracted by different extraction methods compared to plant P uptake in the pot experiment (means and standard deviation; n = 50). Fe-oxide P i -iron oxide impregnated filter paper; CAL -calcium-acetatelactate; CAEM -cation and anion exchange membranes Extracted P (mg/kg) Vol. 64, 2018, No. 4: 192-201 Plant Soil Environ.
which pot size could limit plant growth (Poorter et al. 2012 ). In our study, extracted soil P correlated more significantly with straw yield than with grain yield. This is in agreement with Bissani et al. (2002) , who showed generally lower correlation coefficients with grain yield than with straw yield for Mehlich 1, anion exchange resin, anion exchange membrane and iron oxide impregnated filter papers (Fe-oxide P i ). This trend may be due to the fact that P is accumulated in grain seeds in order to provide enough P for germination and the first growing phase when roots are not able yet to take up enough P. In the plant, P is relatively mobile; it is not stored in older plant parts (i.e. straw) but transported back to the roots and redistributed to plant parts with P demand (Schachtman et al. 1998 ). Hence, soil-induced P limitations may be more strongly reflected in the straw than in the grain.
It was interesting to note that grain yield correlated significantly with the stronger extraction methods, whereas straw yield showed a tendency to correlate less with the strongest extraction methods. The highest correlation coefficient of an extraction method with dry matter grain yield was obtained for the HCl extraction (r = 0.364, P < 0.01). Similar significance levels as for HCl were reached by Olsen, CAEM, dithionite, oxalate and total P. For dry matter straw yield, the highest correlation coefficient was obtained with the CAEM method (r = 0.484, P < 0.001). Equally well correlated were the methods CaCl 2 , Fe-oxide P i and Olsen; less well but still significantly correlated were the methods H 2 O, LiCl, CAL, Mehlich 3, Bray II, dithionite and oxalate.
Several extraction methods correlated with the number of ears per m 2 , i.e. CaCl 2 , LiCl, Fe-oxide P i , Olsen, CAL, CAEM, Mehlich 3 and Bray II. This shows that the P availability in our samples may have affected the tillering of the spring wheat. The number of grains per ear was only correlated significantly with the dithionite extraction method, while the thousand-seed weight did not show a significant correlation with any of the tested soil extraction methods. Figure 3 shows the correlation of P extracted by the tested methods with total plant P uptake. Clearly, the weaker extraction methods achieved better correlations than the stronger methods. The best correlation was obtained by the H 2 O extraction followed by CaCl 2 and CAEM. The methods LiCl, Fe-oxide P i and Olsen showed weaker, but still significant correlations with plant P uptake, but the rest of the methods did not show significant correlations. Similar results were obtained by Shirvani et al. (2005) , who found that the P intensity index *P < 0.05; ** P < 0.01; *** P < 0.001; DM -dry matter; Fe-oxide P i -iron oxide impregnated filter paper CaCl 2 was significantly correlated with wheat P uptake while among several tested P quantity indices only resin P (comparable to our CAEM) showed a significant correlation. Also similarly to our results, Kulhánek et al. (2009) found by far the best correlation with water extraction (R 2 = 0.66); however, in their study, CaCl 2 (R 2 = 0.13) was correlated less than anion exchange membrane extraction (R 2 = 0.20) and Mehlich 3 (R 2 = 0.19). Those results were based on samples of homogeneous soil types (all loamy) with a pH close to 6.3. The authors suggested that the weak correlation of CaCl 2 was a result of Ca-phosphates forming during extraction. In another study, Fe-oxide P i and CAEM were found to be well correlated with plant P uptake (Kuo 1996) and were expected to perform better than other extraction methods due to their supposed independency of soil properties. This is in agreement with the results shown by Saggar et al. (1999) , who found that CAEM extracted higher amounts of soil (available) P than Olsen, and plant yield prediction was superior to the one by Olsen. Menon et al. (1988) claimed that Fe-oxide P i was an accurate method to determine plant-available P and that it was very independent of soil properties and applied fertilizer. However, Zheng and Zhang (2012) noted that some inconsistent results were observed deriving from the preparation of the impregnated filter paper. Depending on the type of filter papers, the Fe-oxides may distribute inhomogeneously resulting in irreproducible amounts of extracted P.
In general, our results showed lower correlation coefficients than the data presented in other papers (e.g. Zorn and Krause 1999, Kulhánek et al. 2009 ). This could be due to the inclusion of many different soils in our study showing a wide range of basic properties and variable P status rather than applying the extraction methods to a limited number of similar soils with altered P levels (by fertilizer application). Experiments that are based on fewer soils often have much less variability in soil parameters; however, their results are very specific for limited soil types and provide a less general evaluation of soil P extraction methods and their regional applicability to agricultural soils.
In an attempt to further investigate the performance of the tested extraction methods in dependence of major soil properties, the 50 soils were grouped according to their pH, organic carbon and clay content. The grouping system was chosen based on the classifications by Blum et al. (1996) and slightly modified in an effort to yield relatively equal group sizes. The grouping according to pH resulted in 3 groups of soils with pH (in 1 mol/L KCl) < 5.6, between 5.6 and 6.6 and > 6.6, respectively. The high pH group (above 6.6) was exclusively comprised of calcareous soils, with CaCO 3 contents of between 1% and 56% (mean: 20.1%, standard deviation: 13.9%). The grouping according to organic carbon (OC) content subdivided the soils into the groups < 1.2%, between 1.2% and 1.8% and > 1.8% OC. The grouping according to clay content yielded the groups < 17%, between 17% and 27% and > 27%. For each group of soils, correlation coefficients were calculated between P extracted by the different extraction methods and plant P uptake (Table 5 ). In general, the weaker extraction methods (H 2 O, CaCl 2 , LiCl) and the methods employing a sink mechanism (Fe-oxide P i and CAEM) correlated in more cases with plant P uptake than the stronger extraction methods. Mehlich 3 and Bray II yielded similar results in all groups; this is likely a consequence of the similarity of their extraction mechanism (cf. Wuenscher et al. 2015) . Also, dithionite, oxalate and total P extraction yielded similar results.
Among the pH groups, the weaker extraction methods (H 2 O, CaCl 2 , LiCl) were better correlated with the low and intermediate groups (below 5.6 and 5.6 to 6.6). In contrast, the Fe-oxide P i correlated significantly with the intermediate and high pH groups. The stronger extraction methods correlated significantly only with the high pH group (above 6.6), i.e. only for calcareous soils. Our results indicate that the weaker extraction methods, being based on water-solubility and ion exchange, performed best in soils around pH 6, where P retention is relatively low, and in more acidic soils, where anion sorption becomes more important. However, they failed to relate to plant P uptake in calcareous soils, where P is precipitated as calcium phosphate. The mechanisms of water solubility and ion exchange do not seem to be of primary importance in such soils; plants likely mobilize P (and other nutrients) through acidification of the rhizosphere (Hinsinger et al. 2003) . This mechanism, in turn, is more closely simulated by (some of ) the stronger extraction methods, which could explain their better performance in the high pH soils.
The organic carbon grouping showed significant correlations only for the intermediate (OC in the range of 1.2% to 1.8%) and high groups (OC above 1.8%). H 2 O, CaCl 2 , LiCl and CAEM correlated significantly in the intermediate group, while CAEM, Fe-oxide P i , Olsen, dithionite, oxalate Figure 3 . Correlation of soil phosphorus (P) extracted by the tested extraction methods with plant P uptake (n = 50; *P < 0.05; **P < 0.01; ***P < 0.001). Fe-oxide P i -iron oxide impregnated filter paper; CAL -calcium-acetatelactate; CAEM -cation and anion exchange membranes 
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and total P showed significant correlations in the high OC group. For the grouping by clay content, the least number of significant correlations was observed. Only the weaker extraction methods (H 2 O, CaCl 2 , LiCl) and the methods employing a sink mechanism (Fe-oxide P i , CAEM) showed significant correlations with plant P uptake at low and intermediate clay contents but not for the group with higher clay contents (above 27%).
In conclusion, it was found that the P uptake by spring wheat over one growing season was in the range of the P extractable from soil by neutral salt solutions (CaCl 2 and LiCl). The results further show that weak extracting agents, such as H 2 O and dilute CaCl 2 , correlated best with plant P uptake. This indicates that extraction methods assessing P intensity may be suitable indicators of plant-available P in the short term; however, potential re-supply of P by the soil is not assessed by these methods. Stronger extracting agents targeting P quantity are presumed to provide better information on the longer-term P supplying capacity of soils. Of the tested stronger soil P extraction methods, the sink-based approach using CAEM showed the best correlation with P uptake by spring wheat, while several established soil test methods, including CAL, Mehlich 3 and Bray II, did not show significant correlations.
When grouping the soils according to pH, organic carbon or clay content, weaker extraction methods correlated better for soils with lower pH (and clay contents), while stronger extraction methods correlated better for soils with high pH (calcareous soils) and high organic carbon content. It is recommended to conduct longer-term studies to investigate several consecutive growing seasons and provide further information on the suitability of different soil P extraction methods for the prediction of plant-available and environmentally mobile P fractions over variable time scales. 0.309 *P < 0.05; **P < 0.01; ***P < 0.001; Fe-oxide P i -iron oxide impregnated filter paper; CAL -calcium-acetate-lactate; CAEM -cation and anion exchange membranes; a pH < 5.6: n = 18; pH 5.6 to 6.6: n = 18; pH > 6.6: n = 14; b OC -organic carbon < 1.2%: n = 15; organic carbon 1.2% to 1.8%: n = 15; organic carbon > 1.8%: n = 20; c clay < 17%: n = 18; clay 17% to 27%: n = 19; clay > 27%: n = 13
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